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ABS TRACT 

New near- and f a r - in f r a red  mapping and J = 1 + 0 CO spectroscopy 

of the  Magellanic i r r e g u l a r  galaxy NGC 4449 a r e  presented. We f ind  t h a t  

the brighter 150 urn emission is  concentrated along the b r i g h t  cen t r a l  

v i sua l  r i dge  o f  the galaxy, a1 though there is  lower-intensi$.. extended 1 1  - , <i  . - I 

emission throughout the v i s i b l e  e x t e n t  of the objec t .  

i n f r a r e d  emission is co inc iden t ,  wi th in  the uncertainties., ,wikth- the;-wtsual.-. - 

and near-infrared emission maxima, which we i d e n t i f y  a s  the g a l a c t i c  

nucl eus, 

diameter 

s ized  region a t  the center o f  the Milky Way. A l a r g e  fradi-on &-&ki- 

150 pm emission may arise fran warm dust d i s w b u t e d  t h m g h o u t , t k  galaxy 

The maximum f a r -  

We estimate that t h e  inf ra red  luminosi ty  of- the;cell tral  L k p c  ?-: 
- -  A _ -  Y 

egion i n  NGC 4449 is  comparable to t h a t  for a similar- ~ P 
ted by- the- d i f f u s e - r a d i a t i o n  f i e l d .  v e  star-3imn&+m fa. l lows - 

rr - c - P v z - ,  _.IuI&.LLra- - - Y - -- I 

t h e  near-infrared emission i n  p a r t  o f  the ga , b u t  no coincidence is - 

found i n  another  region.  The d i s t r i b u t i o n  of K-band 1 igh t .  i s  not s i m i l a r  - 

to  t h a t  found f o r  g a l a c t i c  bars ,  a s  u sua l ly  def ined.  The J = 1 + 0 CO l i n e  

emission has a maximum near the apparent  cen te r  of the galaxy,  a1 though 

an o f f s e t  of up t o  -1 kpc i s  also poss ib l e .  

Subjec t  headings: g a l a x i e s :  general --- ga lax ie s :  ind iv idua l  (NGC 4449) 

-- s t a r s :  formation. 



I. INTRODUCTION 

Increasing attention is being paid to the large Magellanic irregular 

galaxies as i t  has become apparent that  they may be the most abundant, as 

well as  the most e f f ic ien t ,  of the star-forming galaxies (e.g., Gallagher, 

Hunter, and Tutukov 1984; Hunter, Gallagher, and Rautenkranz 1982; Hunter _ -  4 i  ' 

- e t  e.. a1 . 1986; Thronson and Telesco 1986; see a1 so the reviews by Gal lagher 

and Hunter 1984, l986) .- A t  t h e  same time, because o f  t he i r  lack. of-.pronounced .- ~. 

spiral  structure,  the Magel 1 anic irregulars provide a perspective on the 

large-scale properties of s t a r  fonnation t h a t  complements+ studies  of;- the- 

giant sp i ra l s .  

- -  

I -  Among the best known of the Magellanic irregular galaxies i s  NGC 4449,--~ -~ 

a high-surface brightness- object that has been extensivelyT+tudied,.at visual :-*.: 

l l a g h e ,  Hunter, md Tutukw;-bthon - ...X a& 

-= - +-r L?. - " a -  

1986), thermal infmtred (Hunter e t  a l .  1986), and mill imeter wavet-eqths . . - - - . ,  - -- - 
(Tacconi and Young 1985). These authors found that  the galaxy i s  sustaining 

a h i g h  r a t e  of s t a r  formation, and has apparently maintained th i s  rate for 

a t  l e a s t  1.10 years despite the presence o f  only moderate amounts of 9 

molecular material. The galaxy has a large amount of  atomic gas which may 

be participating direct ly  in forming s t a r s .  

In th i s  paper we present millimeter-wave and near- and far-infrared 

observations of NGC 4449 which we use t o  estimate the ra te ,  efficiency, 

and location of s t a r  formation as well as the abundance of molecular gas. 
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11. OBSERVATIONS AND REDUCTION 

a) The Airborne Observations 

NGC 4449 was observed using the  0.9 m telescope aboard NASA's Kuiper 

Airborne Observatory (KAO) dur ing May 1985. The de tec tor  sys.tem~Lwcts -a ' I ,-, . ' .  

32-el ement ar ray o f  Ge( Ga) bo1 m e t e r  detectors ,  each mounted behind a 

l i g h t - c o l l e c t i n g  cone (Harper -- e t  a l .  1976). A t  t he  Nasnyth f o c u s o f  the I -  - - I  - ~ 

telescope, the angular diameter (FWHM) o f  each c i r c u l a r  p ixe l  was 45" t 5 "  

-. - -  

. _ -  - and the  center-to-center separation was 50". The absolute posi t ional-  - A >  . - B , - F *  

accuracy o f  these far- infrared observations i s  estimated t o  be QO" (+la rrns) 

and includes the- e f f e c t  o f  personal judgement i n  choosing the l oca t ians  of 

contours in  regions. of the map t h a t  were s p a t i a l  1 y undersampled . For the 

used a brwadba f i T t r z r ~ i t t r  ha1 f- 
e--*,* I. - .-I I/ " T  

power points a t  x: = 130um and X = 270 um. 

spectra, the e f f e c t i v e  wavelength was w i t h i n  210 pin o f  X = 150 urn. 

For a wide-range:of fa r - in f ra red  

During 

t h e  course o f  the observations, the reference beam spacing was 3!8 

and or iented w i th  an average pos i t ion angle o f  160" (measured from nor th  

through east ) .  During the e n t i r e  per iod o f  observat ion of NGC 4449, the  

ob jec t  ro ta ted  only about lo" ,  which has no e f f e c t  on the reduct ion o f  

ou r  data-. f l u x  densi ty  c a l i b r a t i o n  was accomplished by observing +182 

using data from Telesco and Harper (1980) and 0. Harper (unpublished). 

We estimate a t20% ( l a  rrns) systematic uncer ta in ty  i n  t h i s  c a l i b r a t i o n .  

Our fa r - i n f ra red  r e s u l t s  are presented i n  Figures 1, 2, and 3 as a 

150 pm map o f  NGC 4449, a diagram showing the pos i t ions  a t  which data 

were taken, and the i n f r a r e d  spectrum o f  the object .  The observed f l u x  

3 



densi t ies  a re  normalized to a peak value of 100, which r e su l t s  i n  the 

h ighes t  drawn contour being equal t o  80. In F igure  1 the outermost, 

dashed contour corresponds t o  a signal-to-noise ra t io  of 2.  The integration - 

time was 6 minutes a t  each of the positions i n  Figure 2.  

The total  infrared spectrum for the source (Figure 3 )  r i ses  steeply 

from 10 p through 150 urn. Fran  t h e  100 um and 150 urn data! paints,. we - _ I  

estimate a characterist ic d u s t  temperature o f  Td = 25 K. T h i s  assumes tha t  

1 _ _  -~ r -  the thermal spectrum is o f  the f o rm Fv = vB (Td),  appropriata3or. d u s k - - -  I .  
V 

emission from individual star-forming regions i n  the Milky Way (Thronson 

and Harper 1979; Rowan-Robinson 1980; Hildebrand 1983). ~ A s p e c t r m o f  t h e  

form vBv(25 K) is  drawn i n  the figure. 

regions w i t h  a broad range of- physical conditions a re  cont r f twt ing3a  t h  

observed energy dis t r ibut ion.  This heterogeneity i s  partlymami fested by 

.. 

I t  i s  worth emphasizing that emitting 
- 

. =e--_-  
-pm above t h a t  expected 

-2 c.k 

emission. I t  is c t ea r  t h a t  a range o f  d u s t  temperatures i s  present:. 

Integrating under the vBv(25 K )  curve i n  Figure 3 we find LIR = 2-5 x 

10 L, for  the en t i re  galaxy a t  a distance of 5.4 Mpc using Ho = 50 km s-' 

Mpc" (Hunter, Gallagher, and Rautenkranz 1982). Where necessary, 

9 

parameters calculated by other workers who adopted a d i f fe ren t  distance 

will be adjusted accordingly. Integrating under the observed po in t s  

(10 wn - 150 urn), we f i n d  LIR = 3.2  x 10 

best estimate of the total far-infrared luminos i ty .  These values are about 

9 L,, which we a d o p t  a s  the 

50% higher than those calculated by Hunter -- e t  a l .  (1986), primarily because 

we estimate the total f l u x  over a larger wavelength range. 

Adopting a temperature allows the mass o f  d u s t  i n  emission a t  150 r.lm 

to be estimated using the formula and parameters suggested by Hildebrand 

4 



(1983), Md(M,) %- 11 D'(Mpc) Fv[exp(96/Td)-1] where Fv i s  the 150 pm flux 
6 density. We calculate M d %  1.5 x 10 MB, w h i c h  i s  i n  good agreement w i t h  

t h a t  calculated by Hunter c e t  -. a l . ,  an agreement that  we consider fortuitous 

because the physical properties o f  the grains that  enter into the calculation 

a r e  poorly known. Thronson and Mozurkewich (1986) suggest that  the total 

gas mass in  a Milky Way star-forming region i s  1300 times greater than the.. - A  

mass of d u s t  emi t t i ng  a t  about 100 pm, or  M(gas) 2 2 x 10 Ma, in agreement 

w i t h t h e  21-an HI mass determination (Hunter and Gallagher.l985b).- In -id:> _ -  y s  

SIIIc  we discuss the consequences of there being a large amount of d u s t  in 

NGC 4449. 

- 

9 

b) The Near- Infrared Observations - 

* of NGC 44.49 i n  t h e  near-infrared using the; 

3 rn telescope o f  the NASA Infrared Tel escope Faci 1 i t y  ( 1RTF)-on Mauna Kea;- : 

. 
W - - F - . &  %% # * - -- - .- - 

- 

Hawaii. We used a single-channel InSb detector with standard near-infrared-. 

passband f i l t e r s .  The diameter of the circular  beam was 8" and the reference 

beam spacing was 90", with the l ine between the signal and the sky-reference 

position being oriented with P.A.  = 135". T h i s  chopper throw placed the 

reference beam within the Holmberg r ad ius  of the galaxy, b u t  judging from 

the resu l t s  presented in Figure 4 the contamination frun extended emission 

i s  much less  t h a n  a few percent. The photometric standard s t a r  was BS 4550 

fo r  which we adopted J = 4.91, H = 4.44, and K = 4.38 mag. Observed and 

calculated parameters are presented 

NGC 4449 was mapped only i n  the 

K map is shown overlaid on a B image 

n Table 2 .  LL .&,q 
K band (2.20 urn) In Figure 5 the 

of the galaxy, and subsets of these 

1 9  

4 
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'. . 

data ,  corresponding to scans along the major and minor axes, a re  presented 

i n  Figure 6. The position o f  peak 2.2 urn emission (Table 2)  is shown 

a s  a cross i n  the 150 Vm-Ha map (Figure 1). ' : l i thin the uncertainties 

the position o f  the 2.2 pm peak coincides w i t h  the visual nucleus determined 

by Gallouet, Heidmann, and Dampierre (1973). The position of maximum 

far-infrared mission is offset fran the 2.2 

t o  the estimated positional uncertainties. 

peak by itn amount.comparab1e 

c)  The Mil 1 imeter Wave Observations --- 

During October 1985, NGC 4449 was observed us ing  the 12m NRAO telescope 

on K i t t  Peak i n  Arizona,' The system was t u n e d  t o  de tec t  the.-J-s-1+ 0 . ' . - .  

- 

era ted by -Ksso - _  . 

sities, Inc,, under contract  with the National Science Foundation.: 

t ransi t ion of 12C160 (hereafter,  C O )  a t  115 GHz. and we used a cooled 

Cassegrain Schottky mixer receiver. A t  t h i s  frequency the beamsize of 

the telescope i s  60". T h e  reference position was 10' away i n  an area 

found to be devoid of C O  emission. The frequency resolution of the 

observations reported here were 1 MHz ( 2 . 6  km s-l), b u t  were Hanning-smoothed 

L 

t o  A v  = 3 . 7  Ian s". 

NRAO chopper-wheel technique, and an absolute cal ibration was produced 

by regularly observing IRCtlO"216 for which we took TR ( C O )  = 6.5 K. Peak 

antenna temperatures for  the calibration objects were repeatable t o  w i t h i n  

10%. 

Relative calibration was accanplished by the standard 

* 

We estimate that the absolute pointing accuracy o f  the telescope 

was +lo" (+la rms) . 

6 
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The position of the nucleus ( see  below) and three outlying positions 

along the 150 pm r i d g e  were observed, and the resul ts  are presented i n  

Table 3 and Figure 7. The northernmost position i n  the galaxy ( the l a s t  

entry i n  the table)  was observed for  only once, and for  a re la t ively 

short  period o f  time compared to the o the r  points; the values i n  brackets 

are  therefore l e s s  re1 iable.  

111. ANALYSIS AND DISCUSSION 

Far- Infrared Emi ssi om a)  --- 

Figure I shows that there is- a good spatial  correlation m e n  - I .e-- ~ - L’_ 

the 150 vm emission fran dust and t h e  dis t r ibut ion af Ha earissfon frm . - .- 
a -  i o n i z ~ ~ , ~ ~ t l l e u ~ ~ s ~ c o r r c l h ~ n ~ i s . ~ . i ~ t e d  bx the anqd i t r - ~ @  u t i o n  -.- A . -  

-*&. % ” - e -  

of the. airborne observations. T h i s  correlation between these ;two- tracers < .  

~. o f  s t a r  formation is anticipated from our current understanding a b o u t  the 

structure and evolution of regions of s t a r  formation i n  our own galaxy 

(e.g ., Krugel , Cox, and Mezger 1984; Hunter -- e t  a1 . 1986). 

emission a t  150 urn is  more extended than the brightest Hcr emission,- 

par t icular ly  i n  the direction southeast of the nucleus. The dashed contour 

i n  Figure 1 appears roughly circular and covers an area about twice that  of  

the brightest tb emission. 

appears t o  cane fran regions i n  t h e  galaxy that  show l i t t l e  or no Ha emission 

i n  our figure. 

However, the 

A t  least  1/3 of the total 150 um f l u x  density 

T h i s  extended, diffuse far-infrared e m i t t i n g  region may contribute 

significantly to the energy d i s t r i b u t i o n  observed a t  the longest wave1 engths 

7 



(A 42100 urn). 

80-100 urn, declining a t  longer wavelengths (Telesco and Harper 1980, 

Rickard and Harvey 1984). 

evidence for  decline a t  the longest wavelength observed, implying tha t  

there is a great deal of far-infrared emission from 20-25 K d u s t ,  wh ich  

would daninate the 150 un emission. 

Far-infrared spectra of galaxies generally t u r n  Over near 

The energy dis t r ibut ion i n  Figure 3 shows no 

The  150 urn ridge that  extends primarily i n  declination i n  Figure 1 

appears tu  be direct ly  associated w i t h  particular regions,ofrac.$ite s t a r -  ~ ~ a - _  - - __ 

formation, b u t  the outer contours show no clear association w i t h  s t rong 
Hcr emission. I t  is our interpretation tha t  t h e  more exten$e&l50 pm . ~ " .  

emission originates i n  a large amount o f  cool very extended d u s t .  Star 

formation may be so energetic w i t h i n  NGC 4449 that  u l t r a u i o l e t . , a ~ . . v i s u a l  -: - 5 : -  

radiation escaping t h e  immediate v i c i n i t y  o f  the young staps canekeat, the - 

dust t h a t  is distributed ttrrougimut t h e  object-. The spectral energy. . -  ~ _ r  

dist r ibut ion of the en t i r e  galaxy may b e  interpreted asTthe. superposition ,-= . - 
"%.wr%g+e iC.?=--W$ -5 G 7 - e  "_ - rc -&-.& - -- ---. ----- e*-- .-,_. - * - -.----.---- - 

o f  a t  l eas t  two spat ia l ly  d i s t inc t  cmponents: 

emission a t X z  60 r.lm and located i n  the immediate vicinity o f  the s tar-  

warm d u s t  dominating. the 

forming clouds, and the cooler dust, w i t h  Td < 25 K,  p r o v i d i n g  the more 

extended en i ssi on. 

Radiation originating from a luminous complex o f  young s tars  can 

If  R i s  the distance between heat very dis tant  d u s t  g r a i n s  t o  25 K. 

a heating source o f  luminos i ty  I, and the g r a i n s ,  radiative equilibrium 

imp1 ies 

8 



where t h e  g ra in  absorption e f f ic iency  may be w r i t t e n  Q ( X )  = (50 pm/X)*f, 

a re1 a t i o n  appl i c a b l e  t o  the 1 onger f a r - i n f r a r e d  wave1 engths  (e.g., 

Hildebrand 1983).  

bu t  the r e s u l t a n t  d u s t  temperatures ag ree  with c a l c u l a t i o n s  made a number 

o f  d i f f e r e n t  ways. We take f = 0.01 (Hildebrand 1983) ,  and we assume 

Equation (1) was taken fran S c o v i l l e  and Kwan (1976),  

tha t  half the observed in f r a red  luminos i ty  (Table 1 )  i s  free t o  heat 

the extended material. For a typical d i s t a n c e  of 1' (1.6 kpc) of the 

g r a i n s  fran the ene rge t i c  center o f  NGC 4449 (F igure  l)-,. equatian (l} - - .  . ,  ~ 

impl ies  Td = 19 K. 

X = 150 pin, this value  f o r  Td i s  reasonable.  

s i g n i f i c a n t  emission from an extended d i s t r i b u t i o n  of d u s t  w i t h  T d %  25 K 

may be camon i n  objects. such, as NGG 4449. 

Since the o b j e c t ' s  spectrum is  s t i l l  r i s i n g  a t  - 
Thus, we c o n c l a d e = t h a t  - I 

NGC 4449 appears t o  possess a distinct nuc leus ,  a small region- toward 

the center of the galaxy t h a t  i s  s u b s t a n t i a l l y  b r i g h t e r  than its surroundings 

(e.g., Bothun 1986). A goal of this program was t o  more thoroughly 

characterize the nucleus of t h i s  i r r e g u l a r  galaxy f o r  comparison w i t h  our 

f a r - i n f r a r e d  and mill imeter-wave C O  observa t ions .  

from red g i a n t  s t a r s  u sua l ly  dominates the near - inf ra red  emission from 

Photospheric emission 

g a l a x i e s  (Frogel e t  a l .  1978; Persson -- e t  a l .  1983; Telesco, Decher, and 

Gatley 1985). These s t a r s  a r e  t r a c e r s  of the o ld  s t e l l a r  mass. 

-- 
In Figure 

1 a c r o s s  i s  shown a t  the posit ion of peak 2.2  urn emission. 

uncertainties of the observation ( 2 3 " ) ,  the K-band peak i s  i d e n t i c a l  t o  the 

visual emission maximum (Gallouet, Heidmann, and Dampierre 1973). The 

' W i t h i n  the 
Zr"  

/ 

9 
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JHK colors of t h i s  2.2 pm peak are similar to  those of the nuclei of 

e l l i p t i c a l s  and sp i ra l s  (Frogel - e t  -- a1 .) in which the infrared radiation i s  

dominated by giants.  

Figure 1 indicates that  the far-infrared maximum and the nucleus o f  

NGC 4449 roughly coincide, and therefore s t a r  formation i s  most pronounced 

near the position of h i c h  the mass of old s ta rs  i s  greatest  (conventionally 

referred to as the "nucleus"). Despite this ,  85% o f  the to ta l  150 um 

emission ar ises  from the lower surface brightness regions.. outside t h e  45" . - -  

KAO beam centered on the nucleus. Although the association between t h e  

far-infrared peak and t h e  nucleus may be close, the p s i  tional uncertai-nty. . - ,  

(30") in the far-infrared map can accomodate a positional offset  between 
-. t h e  two. . .  

-. The far-infrared luminosity contained within the 45"-diarnctee-(1.2'kpc) I I 

~ b e m  a t  t k  peak o f N G C  44491 i s  %4 x lo8 L, w a b a f t  l / a  that o f  tk -whde-  : - 
galaxy. On the basis o f  available data, i t  is d i f f i c u l t  to-estimate- t h e  - .  - .  

total  luminosity o f  the central few hundred parsecs of theMil ky- Way., 

b u t  LIR = 5 - 10 x 10 L, i s  a fa i r  estimate (Gatley 7-  e t  a l .  1978, Gautier 

-- e t  a l .  1984, Odenwald and Fatio 1984, Campbell -- e t  a l .  1985). 

within a factor of three, the far-infrared nuclear emission from the 

- 

8 

Therefore, 

central regions of NGC 4449 i s  equal to  that  from the same region in the 

Milky Way. 

i s  4 x 

If the mass-to-luminosity r a t i o  of a young s t e l l a r  c luster  

M@ L, -' (Thronson and Telesco 1986), then the inass of young 

s t a r s  in the center of NGC 4449 i s  %L2 x 10' Ne. 

Bothun (1986) identified the nucleus as a probably large OB association 
6 w i t h  a 6 luminosity of 5 x 10 L, a t  our adopted distance of 5.4 Mpc. 

This object(s)  t h u s  makes a negligible contribution to the heating of the 

d u s t  tha t  i s  included in the KAO beam centered on t h i s  position. 

10 
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c )  The CO Emission 

Detection of the J = 1 + 0 CO emission from NGC 4449 permits an 

estimate t o  be made of the molecular mass i n  t h e  c o r e  o f  the galaxy. 

Tacconi and Young (1985) also studied the CO emission from this 

ga laxy ,  us ing  t h e  FCRAO 14 m telescope which has a half-power beam 

width o f  50". The nucleus was the one pos i t i on  in the galaxy t h a t  was 

observed by both groups; w i th in  the  uncertainties, the observed 1 ine - ,- . 

s t r e n g t h s  there a r e  i n  agreement. In a d d i t i o n ,  both groups f i n d  t h a t  the 

CO 1 i n e  s t r e n g t h s  abou t  I' s o u t h  of the nucleus a re  comparable t o  =the - 

nuclear pos i t i on .  W t i h i n  a f ac to r  o f  two, three pos i t i ons  i n  this galaxy 

each  separa ted  by 1' show approximately t h e  same CO 1 ire-stmneth -despi-te 

s i g n i f i c a n t  d i f f e r e n c e s  i n  apparent Hcl br ightness  and falr-irtfmrecl emissi 

. 

Figure -1). - .  , - 
. I -  __.-r---i--- ~. * -  .. - 

The 150 urn emission op t i ca l  depth may be estimated from -Fv = RBv(Td) . 

( 1  - e-T), where R is the beam so l id  angle and F, i s  the observed flu-x 

d e n s i t y .  Following the d iscuss ion  in  S I I a ,  we adopt a c h a r a c t e r i s t i c  

temperature Td = 25 K and c a l c u l a t e  the o p t i c a l  d e p t h  f o r  the fou r  

p o s i t i o n s  f o r  which  we obtained re1 i a b l e  CO s p e c t r a .  The results a r e  

presented i n  Table 3 .  

ICo(K - Ian s'l) = 1.6 x lo3 ~ [ 1 5 0 1 1 m ] .  T h i s  r e l a t e s  ~ [ 1 5 0  pm]  t o  the H2 

col umn d e n s i t y  through Ico. 

For the  three r e l i a b l e  CO s p e c t r a ,  we ob ta in  

Young and S c o v i l l e  (1982) derived a r e l a t i o n  t o  e s t ima te  the l i ne -o f -  

s i g h t  H mass and column density f o r  a ga laxy ,  u s i n g  the observed CO 

luminos i ty :  
2 

11 
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N ( H 2 )  an" 4 x 10 20 Ico K - Ian s-', 

or,  M(HZ) Me: 6.5 x 10 6 Ico K - Ian s", 

for  the beam size of the NRAO telescope a t  the distance o f  NGC 4449. 

t h e  three rel iable  detections o f  CO emission (Table 3 ) ,  we- estimate the 

total  H2 mass to be a t  l ea s t  1.6 x 10 

where we estimate tha t  there i s  2 x 10 Me of young stans.f.§I.IIb).,equation. is. I 

( 2 )  and the resu l t s  i n  Table 3 indicate that  the molecular mass i s  

From 

7 
M e .  
6 

A t  the position o f  the nucleus, 

6 
- M(H2) 2 7-x-10 Me. Star- formatiom may be proceeding within t h i s  galaxy ;T - .-- 

w i t h  a h i g h  efficiency. 

- 
d )  The Near-Infrared Structure -- 

-_r _- -. 
As noted abave,. we adopt the view tha t  t h e  older s t a r s  dominak the.. - 

2 urn l i g h t  and t h a t  they trace the dominant underlying s t e l l a r  mass- 

d i s t r i b u t i o n .  

consistent w i t h  t h i s  assumption. Both the nuclear colors and those 

obtained along the major axis are comparable to those of the old s t e l l a r  

populations i n  globular c lusters ,  el 1 iptical  galaxies, and the nucl ei o f  

most sp i r a l s  (e.g., Frogel -- e t  a l .  1978, Persson -- e t  a l .  1983). 

variations of  JHK colors w i t h  positions are l ikely t o  be due t o  a contribution 

t o  the near-infrared l i g h t  from the photospheres of blue s t a r s  o r  bremsstrahlung 

emission from H I1 regions. 

. 

The limi ted mu1 ti-color photometry that we obtained are  

S l i g h t  

Southwest of the nucleus the dominant s t a r  formation evident i n  the 

far-infrared and the Ha and blue photographs generally follows the 

12 
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elongated 2 wn distribution ( F i g u r e  5). 

evident -- north of the nucleus. In t h i s  direction t h e  far-infrared emission 

appears to generally follow the b r i g h t  Hcr emission (Figure l ) ,  b u t  neither 

component i s  coincident w i t h  the 2 urn "bar". We conclude tha t  while there 

may be a trend for s t a r  formation to  occur along the near-infrared ''bar", 

significant star-forming complexes w i t h o u t  an obvious relationship to- the 

However, this correlation is not 

bar are evident. 

1 ,  In the scans a t  K along the major and the minor axes ( Fi-gum 6),,:.. - - -  - 
the near-infrared nucleus stands out almost as a poivt source superimposed 

on a broader mission.. ATong the major axis we have f f t -  thefunct ion-  . -1 

& 
, .  

L?-3- 
A 

F(mJy) = 11.5 x (1.046)-r ( 3 )  - - 

radius fronr the-central point suurce, r ,  is in-arcseconds. To -. 
.._ - --- -__- 4 - - - 

convertmagnitudes te f lux densities, we took F = 632 &.;for K 

Bothun (1986) determined the B and R l i g h t  profiles along the galaxy's 

major axis and a 

w i t h  radial distance. He found a scale length of about 30" i n  both visual 

colors, i n  agreement w i t h  that  which we f i n d  for  K for the major a x i s  i n  

NGC 4449. 

found good agreement w i t h  an exponential fall-off h F 

The fact  that  there i s  a sharp decrease i n  K brightness i n  a l l  

directions away fran the central maximum means that the bar-like feature 

tha t  we have mapped a t  near-infrared wavelengths i s  n o t  a structure similar 

to  that  found i n  barred sp i ra l s .  Kormendy (1982) described a "true" 

bar a s  a structure w i t h  almost constant surface brightness along i t s  

major axis inter ior  to  a sharp outer edge and following a r1I4 law along 
--- 

/ 
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the minor axis.  As is  evident from Figure 6 a r1I4 law does provide a 

reasonable f i t  to  the minor axis  brightness d is t r ibu t ion ,  b u t  c lear ly  

. Despite this f i t  and the fact  tha t  there 

is sane variation i n  the character is t ics  among we1 1-recogni zed bars, 

NGC 4449 does not appear to  possess a bar a s  is  usually def ined .  

+ 5 -  l S J e L P !  
e) - The Star Formation Rate 

S tar  formation ra tes  can be determined for  objects f o r  which some 

measure o f  t h e  number o f  young stars is available.  We use.* parameters, .-* - 

and assumptions of Thronson and Tel esco (1986). They assume, as  do many 

othersI t h a t  because o f  the large visual and u l t r av io l e t  .&swptim- ~ _ _  - . a 

efficiency o f  grains, the far-infrared lurninosi t y  measur= t h e  tutal, 

- luminosity o f  all newly- formed stars. They further assume-that-the 

radiation f i e l d  due to the older s t e l l a r  population does riel corrtrfh-te - . -  

to  the heating of the d u s t .  These young s t a r s  are taken to form w i t h  a 

mass dis t r ibut ion given by the Miller-Scalo function over the mass range 

0.1 * 100 M@. W e  derive a "current" s t a r  formation r a t e  ( i  .e., averaged 

Over the past 2 x 10 yrs ;  Thronson and Telesco 1986): 6 

o r  M = 7 

of 2.5 lower i f  only 0, B, and A s t a r s  form. 

a value for  M of about 1 Me yr" f o r  NGC 4449. Their value d i f f e r s  from 

ours due i n  part  to a lower estimated total  luminosity and i n  part due to  

yr-' f o r  a l l  of NGC 4449. T h i s  r a t e  would be about a factor  

Hunter -- e t  a l .  (1986) calculated 

14 



t h e i r  adoption of a Salpeter mass funct ion,  which produces a smaller mass- 

per- luminosi ty r a t i o  than the M i l l  er-Scalo funct ion.  

Hunter -- e t  a1 . a1 so calculated a s t a r  formation r a t e  from the Ha 

l um inos i t y  and found i t  t o  be i n  good agreement with t h a t  which they 

ca lcu lated from the infrared luminosi ty.  This agreement supports the  

view t h a t  the in f rared-emi t t ing dust i s  heated by newly-formed stars, the 

same stars  t h a t  i on i ze  the gas. The dust  i s  not  s i g n i f i c a n t l y  heated by 

the older s t e l  1 a r  population. 

Gal lagher, Hunter, and Tutukov (1984), Hunter -- e t  a1 . , and Thronson 

and Telesco (1986) discuss using t h e  b lue  l um inos i t y  o c a =  g d m - t o .  . tzstb~ 

t he  s ta r  formation r a t e  averaged over the past several hundred m i l l i o n  

L .  years o r  sa. Using an assumed i n i t i a l  mass func t i on  $(M+,.- t h e  recent s t e l l a r  _- 

m a s  formation r a t e  can be estimated f r a n  . -- 
J 

where Z B ( M )  i s  the luminosi ty  i n  the blue band o f  a s ta r  o f  mass bl and 

t(M) i s  i t s  main sequence l i f e t i m e  o r  10 years, whichever i s  shorter.  

These assumptions g i ve  

9 

"(Me yr") = 5.1 x lo-' LB (L,) 

f o r  a Mi l ler -Scalo i n i t i a l  mass funct ion.  For a Salpeter funct ion the  

c o e f f i c i e n t  i n  the equation i s  6.5 x lo-'. 

galaxy i s  BoT = 9.95 (de Vaucouleurs, de Vaucouleurs, and Corwin 1976), 

o r  Lg = 6.8 x 10 

The blue magnitude o f  the 

8 
L,. Thus, the averaged s ta r  formation r a t e  f o r  the 

15 
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9 pas t  10 years is a t  l e a s t  3 M Q  yr'', s imilar to  the ra te  found from the 

infrared data. 

calculated by Gallagher, Hunter, and Tutukov (1984). 

T h i s  value is  about a factor  of 7 greater than tha t  

The total  gas mass i n  NGC 4449 i s  %lolo ;'lo (Hunter and Gallagher 1985c, 

Tacconi and Young 1985), so tha t  the average s t a r  formation r a t e  can be 

maintained for a t  l e a s t  a few times 10 years. 9 

IV. SlMMARY 

The essential points o f  our study o f  t h e  Magellanic irrelplar. galaxy 

NGC 4449 may be summarized as follows. 

1. Far-infrared emission, characterized by a d u s t  temperatum-uf - -  

25 K.. is found- throughart the visual extent o f  the  galaxy. 

is especially concentrated along a central r idge ,  coincide&.-with the 

f i ts  -emission- 
,-. - s -  .- "- 

brighter  v i  sual-wave1 ength  emission. Extremely act ive s t a r  formation 

can sustain the large-scale 150 m mission. 

9 2 .  The infrared luminos i ty  -- 3 . 2  x 10 Le -- is interpreted 

as the result of a current s t a r  formation ra te  of about 7 Me yr'l. The 

central  1 kpc of NGC 4449 has an infrared luminosity comparable to  that  

of the similar-size region i n  our own galaxy. 

3 .  The total  amoun t  o f  gaseous material i n  NGC 4449, as  calculated 
9 fran the far-infrared f l u x ,  i s  about 2 x 10 

found from 2 1  an l ine  observations. 

Me, i n  agreement w i t h  tha t  

16 
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4. We f ind  a co inc idence  i n  pos i t ion  between the v i s u a l ,  near- and 

f a r - in f r a red  emission maxima. 

a r e  similar t o  those  found f o r  the nuclei of s p i r a l  and e l l i p t i c a l  

g a l a x i e s ,  and imply that  the emission maxima approximately co inc ide  

w i t h  the maxima of the s te l lar  mass d i s t r i b u t i o n .  

The near - inf ra red  c o l o r s  of this o b j e c t  

5. The central r i d g e  of ac t ive  star formation appears t o  fo l low the 

d i s t r i b u t i o n  o f  o l d e r  stars southwest of the nucleus.  However, on, the - . .,., 

oppos i t e  side of the nucleus, toward the n o r t h e a s t ,  there i s  no correspondence 

betweerr t h e  appa ren t  l o c a t i o n  o f  t h e  o l d  stars and o f  t h e  m e s t  active: _ -  - . 

star  formation. 

- 6, The prominent v i s u a l  and near-infrared r idge  i n  the.NGC-4449 - :- L. 

. d o e s  nmmeet-the usual cr-iteria fo r  a ga lax ian  bar. In p a r t i c u l a r ,  

t h e  b r igh tness  a long  t h e  major a x i s  f a l l s  o f f  w i t h  radins-more-rap$dly 

than  f o r  a "true" bar .  

7. Based upon a comparison between the in f r a red  and the b l u e  

luminos i ty ,  the galaxy i s  presently undergoing a period of s t a r  formation 

a t  a r a t e  roughly equal to  t h a t  averaged over the past 10 y e a r s .  The 

a v a i l a b l e  atomic and molecular gas may be sufficient t o  s u s t a i n  this  r a t e  

f o r  a few times 10 y e a r s .  

9 

9 
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TABLE 1 

Far- Infrared Flux Densities - 
NGC 4449 

a 

a 
Integrated (Jy) 12 prn 2.1 k 0.2 

25 urn 4.7 c 0.5 
a 

a LOO urn 73 f 8 

150 urn 100 rt 20 

60 urn 36 t 3 

b 

Deriyed Quanti t ies  -- --- 
~. - _,.. a Luminosity (10-150 m) 32 x 10 L, -: 

- Dust- mass d 1.5 x lo6 Mo . -  

_. Characterist ic d u s t  temperaturee 25 K 

Current s t a r  formation r a t e  7 M@ yr-' 

Notes: -- 
'IRAS data (Hunter -- e t  - a l .  1986) 

bKAO data ( th i s  work) 

'distance = 5 . 4  Mpc 

dSee S I I I ~  
e From 150 urn and 100 urn data 
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TABLE 2 

Near- Infrared Maqni tudes 

NGC 4449 

- -- 

Peak (8'' beam) J = 12.08 

H = 11.37 

K = 11.15 

. -  
_ .  

it Peak Position and galactic nucleus 
I 

a(1950) = lZh 25m 46'.8 

(1.25 wn> 

(1.65 urn) 

(2.20 wn) 

6(1950) = 44" 22' 20" 

22 



f. . 4 '  

TABLE 3 

Mil 1 imeter-wave Observations 
a --- ---- 

a( 19 50 ) 6 (1950) (T,*dv [K-Ian s'l] VLSR [h S - l l  A V C ~  s-'1 Tc1~-41c 

h r n  

J 

0.89 k 0.24 211 44 3 

12 25 48.6 44 23 4 0.59 t 0.13 224 50 6 

12 25 45f0 44" 21' 8" 
12 25 46.8 44 22 6a 1.02 f 0.15 223 :- %: .L 44 11 

12 25 50.4 44 24 2 [2.4 k 0.51 b [230]h [llOlb 4 

Uncertainties on inteq-rated line strength are ,+la rms. - 

* 

aNuclear position 
bExtrmely uncertain values; see -3 I IC. 
'150 urn emission optical depth; see SIIIc .  
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FIGURE CAPTIONS 

- Figure 1 - The distribution o f  150 pm emission superimposed upon a photo- 

graphic image o f  Ha emission from NGC 4449. In  the upper l e f t  of the 

figure a cross w i t h  arms 15" long gives the la rms uncertainty i n  absolute 

position of the far-infrared contours. The beam size of the 150 um 

observations is a1 so shown. S t r a i g h t  1 ines surrounding the contours are  

the boundary of the a i rborne  observations. The Ha image was produced from 

CCD observations obtained a t  the KPNO 31 0.9 m telescope.. A c ros s  near t h e -  . -  - -  

far-infrared maximum i s  the location o f  peak K emission (Table 2 ) .  The 

f i g u r e  contour drawn is  equal t o  80. The dashed contour is-,equ&l . b . l O 9 , - > , -  - - I  I 

w i t h  the next h ighe r  contours equal to 20, 40, and 60. . ;--  - .- \- I -.i - 

Figure 2 - Positions sampled by o u r  far-infrared array are shown as dots 
~ 

. ._ . - - - 
_ -  .- - 

on the same coordinates a s  i n  Figure 1. For c l a r i t y ,  many o f  the points 

have been shifted s l ight ly  i n  position i n  r i g h t  ascension and the pattern 

i s  a consequence i n  part of f ie ld  rotation d u r i n g  the observations. 

Figure 3 - The infrared spectral energy d i s t r i b u t i o n  of NGC 4449. 

Astronomical Sa te l l i t e  observations a re  shown as open c i rc les  (Hunter -- e t  a l .  

1986) and our Kuiper Airborne Observatory observations are shown as f i l l e d  

c i rc les .  

of the c i rc le .  

detector resolution element a t  the p o s i t i o n  o f  the infrared maxirnum. A 

curve o f  the form F, a vBV(25 K )  is  shown for comparison. 

Infrared 

The b rms uncertainty i s  shown as bars or is equal to the r ad ius  

The lower points refer  t o  f l u x  density values w i t h i n  one 
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Figure - 4 - The dis t r ibut ion of K-band brightness, i n  magnitudes, from NGC 

4449. Peak magnitudes and center positions are  l i s t ed  i n  Table 1. 

boundary o f  the observations i s  the l i g h t  line. 

The 

Figure 5 - The dis t r ibut ion of K-band brightness, taken from Figure 4 

superimposed upon a b l u e  continuum photograph of NGC 4449 (Canada-France- 

Hawaii Telescope photograph courtesy o f  J. Gal 1 agher) . 

Figure 6 - Scans along the major (above) and minor (below) axes of NGC 

4449 a t  K. The angular distance fran t h e  near-infrared peak i s  show along - 

the bottom w i t h  the corresponding l inear  radius  (assuming a distance to 

the galaxy o f  5.4 Mpc) shown a1 ong t h e  top. Two functiwrs.were fit by eye  - +  .: 

t o  t h e  data and discussed irr §IIId, The s t ra ight  l i n e s  through-tk major . .- - . 

axis- p o i n t s  are o f  the form-K( P) OC r. 

t h e  functions near r = 0. T h e  curved line th rough  t h e  points .is a 

.- - Art i s t ic  1 icmse'alPoweti us t o  mwoth - - -  

de Vaucouleurs law w i t h  ro = 140" (9 I I Id ) .  

Figure 7a and 7 b  - The re1 iable J = 1 -+ 0 CO spectra from three positions 

are shown i n  ( a )  and the positions a t  which four spectra were determined 

a r e  shown i n  ( b )  superimposed upon the same Ha image a s  used i n  Figure 1. 

Offsets fran the nuclear position are shown i n  the upper r i g h t  of each 

spectrum. The c i rc les  i n  ( b )  are  equivalent t o  the beam size o f  the 

observations. Table 3 presents the C O  l ine  parameters. 
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